Motivated social behaviors such as mating are constability, and selective filtering have been tested in diftrolled by a complex network of limbic nuclei. Concepts ferent animal models, including the male hamster of network organization derived from computational (Wood, 1996). In doing so, we not only validate these neuroscience may aid our understanding of the links behypotheses, we further our understanding of structure - (Gilman and Newman, 1992) , and there is atomical evidence for interconnections between steroidno equivalent three-dimensional organization of conresponsive brain regions and proposed that there is a nections within and between individual nuclei for the hormone-sensitive neural network within the limbic processing of limbic information. While the limbic system (Cottingham and Pfaff, 1986) . Based on this netsystem may not be an ideal model with which to test work structure, they proposed several hypotheses concepts of neural computation, applying principles about how hormones act in the brain to control aspects of network organization to limbic networks may help of steroid-dependent behavior and neuroendocrine us understand the links between the anatomy of these function. Their postulates of redundancy, amplification, circuits and what is represented by the anatomy. My research uses sexual behavior in the male Syrian hamster as a model to investigate neural integration of This article is based on the 1996 Frank A. Beach Award lecture, presented at the 1996 meeting of the Society for Neuroscience. chemosensory and hormonal cues. The male hamster
cessing (Churchland and Sejnowski, 1992) . Sensory to create a permissive environment for subsequent actiinput to primary visual, auditory, and somatosensory vation by odor cues. ᭧ 1997 Academic Press cortex is arranged topographically, and afferent and efferent connections are ordered in vertical columns. In contrast, neurons in the limbic system are clustered In 1986 Cottingham and Pfaff reviewed the neuroanin nuclei (Gilman and Newman, 1992) , and there is atomical evidence for interconnections between steroidno equivalent three-dimensional organization of conresponsive brain regions and proposed that there is a nections within and between individual nuclei for the hormone-sensitive neural network within the limbic processing of limbic information. While the limbic system (Cottingham and Pfaff, 1986) . Based on this netsystem may not be an ideal model with which to test work structure, they proposed several hypotheses concepts of neural computation, applying principles about how hormones act in the brain to control aspects of network organization to limbic networks may help of steroid-dependent behavior and neuroendocrine us understand the links between the anatomy of these function. chemosensory and hormonal cues. The male hamster FIG. 1. Schematic diagram of principle limbic nuclei and connections in hamster brain that transmit chemosensory and hormonal cues to control male sexual behavior. Shading indicates areas with abundant steroid receptor-containing neurons. ac, anterior commissure; ACo, anterior cortical amygdaloid nucleus; AOB, accessory olfactory bulb; BL, basolateral amygdaloid nucleus; BNST, bed nucleus of the stria terminalis, BNSTpi, posterointermediate subdivision, BNSTpm, posteromedial subdivision; Ce, central amygdaloid nucleus; fx, fornix; lot, lateral olfactory tract; Me, medial amygdaloid nucleus; MeA, anterior subdivision; MeP, posterior subdivision; MOB, main olfactory bulb; MPN, medial preoptic nucleus; MPOAl, lateral subdivision of the medial preoptic area; oc, optic chiasm; OM, olfactory mucosa; ot, optic tract; PLCo, posterolateral cortical amygdaloid nucleus; PMCo, posteromedial cortical amygdaloid nucleus; st, stria terminalis; vaf, ventral amygdalofugal pathway; VNO, vomeronasal organ. stimuli in the brain (Wood and Newman, 1995b) . Thus, the complexity of the underlying neural circuitry, we cannot rely upon a one-dimensional model to explain the challenge is to understand the neural mechanisms and pathways through which an external sensory signal odor and hormonal control of mating. and an internal blood-borne cue are weighed, prioritized, and integrated. Understanding the mechanisms of chemosensory and hormonal integration is a com-
LEVELS OF ORGANIZATION/LEVELS
plex multidimensional question, which can be ad-
OF PROCESSING
dressed at many different levels. My particular interest is at the neural systems level. Figure 1 depicts the principal limbic nuclei and connections that underlie faciliInformation processing in the brain takes place simultaneously at multiple different levels or scales tation of male hamster sexual behavior by gonadal steroid hormones and chemosensory cues from the olfac- (Shepherd, 1990) . Examples of such organizational scales include behavioral systems, interregional cirtory mucosa and vomeronasal organ. Clearly, the hamster mating behavior circuit is a neural network.
cuits, local circuits, neurons, dendritic trees, microcircuits, synapses, and molecules. Each organizational What are the unique and overlapping functions of the different subnuclei? How do the neural connections coscale contributes unique aspects of information processing which are not necessarily represented at the ordinate activity among different brain regions? Given previous scale (Churchland and Sejnowski, 1992) . For example, estrogen regulates GnRH release (Evans, Dahl, Glover, and Karsch, 1994) , presumably via local circuit interactions. However, GnRH neurons are not themselves sensitive to estrogens (Shivers, Harlan, Morell, and Pfaff, 1983; Lehman and Karsch, 1993) . Moreover, each organizational scale is a network unto itself. The existence of multilevel networks of organization implies that a complex behavior, such as mating, must be studied at many different scales. A pure top -down (modeling) or bottom -up (molecular) approach will not suffice (Kelso, 1995) . However, with the current reductionist emphasis on understanding the brain and behavior in terms of molecular events, it is possible to lose sight of information processing at the systems level.
STRUCTURE OF A RECURRENT MATING BEHAVIOR NETWORK
The basic elements of a network structure consist of units, linked by connections, with weights on those connections ( Fig. 2 ; Kosslyn and Koenig, 1992) . Structures in the nervous system which correspond to these basic elements vary depending upon the particular level of organization under consideration. At a systems level, the units, connections, and weights are equivalent to brain nuclei, fiber tracts, and collective synaptic input subdivision; MPOA, medial preoptic area; OB, olfactory bulbs; st, stria terminalis; vaf, ventral amygdalofugal pathway.
A One-Dimensional Model: Hierarchies of Sensory Processing
of steroid receptor-containing neurons (Li, Blaustein, DeVries, and Wade, 1993; Wood and Newman, 1993) . The elements of the hamster mating behavior circuit which are essential for copulation approximate a linear Each component of this linear model is necessary for sexual activity. Destruction of OB (Murphy and Schneichain of neurons. The olfactory bulbs (OB) represent input units. They receive chemosensory cues transduced der, 1970), Me (Lehman and Winans, 1982) , MPOA (Powers, Newman, and Bergondy, 1987) , or the fiber in the olfactory mucosa and vomeronasal organ (see Wood and Newman, 1995a for review). The medial pretracts which traverse these units (Devor, 1973; Lehman, 1982; Lehman, Powers, and Winans, 1983) will immedioptic area (MPOA) represents a form of output unit, for it is a higher organizing center for the expression of male ately and permanently abolish mating. The linear organization of this model implies a hiercopulatory behavior. The medial amygdala (Me) is a hidden unit which transmits chemosensory input from the archy of sensory processing. That is to say, there is a tendency to assume that the more proximal units in the olfactory bulbs to the MPOA. In addition to transmitting odor cues, Me and MPOA also contain large numbers network convey a higher degree of information pro-cessing (Churchland and Sejnowski, 1992) . According and Swanson, 1995) . Although BNST lies adjacent to MPOA, it is closely related to Me as part of the extended to this view, odor and hormonal inputs converging in the MPOA trigger motor patterns of copulation, while amygdala (Heimer and Alheid, 1991) . BNST also contains large numbers of steroid-responsive neurons (Li Me would be merely a passive relay for the transmission of odors and hormones. Instead, experimental eviet al., 1993; Wood and Newman, 1993) . Unlike Me and MPOA, BNST is not essential for mating. Lesions of dence suggests that Me occupies a more central role in mating behavior. In particular, intracerebral steroid this nucleus impair chemoinvestigatory behavior, but fail to block copulation (Powers et al., 1987) . implants in either Me or MPOA can facilitate sexual activity in castrated males (Rasia-Filho, Peres, CubillaAdding BNST changes the model of hamster mating behavior from a one-dimensional chain to a two-dimenGutierrez, and Lucion, 1991; Wood and Newman, 1994) . This suggests that there is redundancy in the sional surface. Odor and hormonal stimuli processed in Me can access MPOA directly or indirectly via BNST. steroidal control of sexual behavior (Cottingham and Pfaff, 1986) .
Divergence and convergence are characteristic of other sensory systems (Shepherd, 1990) . Excitation of BNST Redundancy, or distributed representation, implies that mating behavior is not localized exclusively to a and the resulting dual input to MPOA may amplify the effects of odor inputs through Me. Additionally, BNST single brain region, but is a function of neural activation in multiple regions (Wood, 1996) . Perhaps this is not appears to be a principal indirect source of feedback from MPOA to Me (Coolen and Wood, unpublished surprising. Mating includes several different steroiddependent behaviors, such as intromissions and anoresults). Recurrent connections are another critical element in genital investigation, which are expressed in a characteristic sequence (see Wood, 1996) . There is no single the development of a network model for hamster mating behavior. A linear model with unidirectional conbrain region which determines these different behaviors. One way to efficiently accomplish a complex comnections between units is a purely reactive system, in which the behavioral output faithfully reflects the senputational task is to assign portions of the larger task to overlapping mininets within the larger network sory input (Churchland and Sejnowski, 1992) . However, behavioral studies show that mating is not a fixed (Churchland and Sejnowski, 1992) . In this regard, Me and MPOA both contribute to chemoinvestigation and behavioral response to sexually relevant odor cues, but is modified by prior expression of sexual behavior. For copulatory behavior (mounts, intromissions, and ejaculations; see Wood and Newman, 1995a) . Thus, it is example, in the Coolidge effect, males that reach sexual satiety with a single female will resume copulation if a likely that blocking steroid action at any single brain region will not abolish chemoinvesigation or copulanew female is presented (see Baum, 1992) . Moreover, in sexually experienced males, the latency to copulation tion. However, current evidence suggests that MPOA is a primary site for copulation, while Me is of only is reduced (Vega Matuszczyk and Larsson, 1993) and the duration of mating postcastration is prolonged (Busecondary importance in motor aspects of sexual behavior. The opposite may be true for chemoinvesigatory nell and Kimmel, 1965) . These behavioral observations imply the existence of feedback in the mating behavior behavior (Everitt and Stacey, 1987; Kondo, Sachs, and Sakuma, 1995) . In this manner, the distribution of funccircuitry. Tract tracing studies have shown that many, if not tion can be likened to a crossword puzzle, in which individual letters are shared by intersecting words. most, limbic nuclei are bidirectionally connected. This is especially true of steroid-responsive brain regions (Cottingham and Pfaff, 1986) . However, not all bidirec-A Two-Dimensional Model: Recurrent tional connections are symmetric. In this regard, BNST Connections is symmetrically interconnected with both Me and MPOA Swanson, 1986, 1988 ; Gomez and Whereas OB, Me, and MPOA define the essential units of the hamster mating circuit, other connections Canteras et al., 1995; Choi and Wood, unpublished results) . However, the afferent and efferand brain regions contribute to the processing of odors and hormones. In particular, the bed nucleus of the ent connections of Me with OB and MPOA are more one-sided. OB is a major source of afferent input to stria terminalis (BNST) constitutes an additional hidden unit in the network. BNST receives a small direct projecMe (Davis et al., 1978) , and Me sends a dense efferent projection to MPOA (Gomez and Newman, 1992; Cantion from OB (Davis, Macrides, Young, Schneider, and Rosene, 1978) . However, it is densely interconnected teras et al., 1995) . However, recurrent connections from MPOA to Me, and from Me to OB, are limited (Simerly with both Me and MPOA Swanson, 1986, 1988; Gomez and Newman, 1992; Canteras, Simerly, and Swanson, 1988; Gomez and Newman, 1992; Can-teras et al., 1995) . This implies that there is a dominant the medial preoptic nucleus (MPN; Wood and Newman, 1993) . However, these hormone-responsive subflow of information through the essential elements of the mating behavior circuit from OB to MPOA via Me, nuclei receive only minimal direct input from OB. The other subcircuit includes anterior Me (MeA), posterocoupled with recurrent feedback.
What does feedback do for a network? A network intermediate BNST (BNSTpi) , and lateral portions of MPOA, including the magnocellular subdivision of with feedback is capable of learning and has the potential for flexibility in the response to varied sensory in-MPN (MPNmag). MeA receives substantial projections from OB (Lehman and Winans, 1982) and projects prefputs (Churchland and Sejnowski, 1992) . With sexual experience, males display fewer misoriented mounts erentially to BNSTpi and MPNmag (Gomez and Newman, 1992; Canteras et al., 1995) . In turn, MPNmag pro-(on the female's head and flanks) and learn to distinguish between estrous and anestrous females (in Siegel, jects via the medial forebrain bundle to various brainstem nuclei involved in locomotor aspects of copulation 1985). Feedback may be excitatory or inhibitory. Backpropagation of error signals through recurrent inhibi- (Simerly and Swanson, 1988) . The chemosensory and hormonal subnuclei are linked via specific connections tion (Kosslyn and Koenig, 1992) is one way the male may fine-tune his sexual behavior. Thus, we may postuwhich traverse MeA and MeP (Gomez and Newman, 1992; Canteras et al., 1995) and presumably extend belate that the recurrent connections from MPOA to Me and BNST may increase in number or activity with sextween subnuclei of BNST and MPOA. One attractive hypothesis is that chemosensory and hormonal cues are ual experience. Recurrent excitation can prolong activation in a network (Black, 1991) . This can function as a integrated through such connections. In this three-dimensional model of the hamster mattype of short-term memory, which allows the network to better process a temporally extended sequence of ing behavior circuit, the hormone-responsive subcircuit constitutes a network of hidden units. This is in keeping inputs (Churchland and Sejnowski, 1992) . In this regard, recurrent excitation may play a role in the ordered with the behavioral actions of steroids on male sexual behavior. Steroids do not themselves trigger behavior. expression of different behaviors (grooming, anogenital investigation, mounts, etc.) that are expressed during Instead, they exert a more long-term permissive action which may determine the ''state'' of the circuit. While mating. Additionally, recurrent feedback is important to facilitate response to incomplete sensory stimuli odor cues from OB flow through the chemosensory circuit from input to output units, steroids bind to their (Kosslyn and Koenig, 1992) , as would occur with presentation of female odor cues alone.
receptors throughout the hormonal subcircuit. In this manner, steroids may act as a type of gating mechanism to filter or to enhance transmission of chemosensory A Three-Dimensional Model: Integration of Odors stimuli (Cottingham and Pfaff, 1986) . At the cellular and Hormones level, steroids may facilitate synaptic transmission from elements of the hormonal circuit onto adjacent subThe foregoing two-dimensional model helps to explain the flow of neural activity through the mating nuclei of the chemosensory circuit. This can be viewed as changing the weights between units in the mating behavior circuit. However, it does not address how chemosensory and steroid cues are integrated. Me, BNST, behavior circuit. By adding successive layers of funcand MPOA all have the potential for odor and steroid tional organization, our ''ball-and-stick'' model of the interactions since each of these nuclei transmits chemohamster mating behavior circuit begins to approximate sensory cues and transduces hormonal stimuli (see the neuroanatomical structures as we currently under- Wood and Newman, 1995a) . Current evidence suggests stand them. Thinking of this system as a neural network that communication between odors and hormones is a will not answer our questions. Instead, we hope to use property of local circuit interactions across subnuclei of these concepts to guide our future investigations. Me, BNST, and MPOA.
Based upon the distribution of steroid receptors and specific connections of subnuclei within Me, BNST, and MPOA, it appears that the majority of steroid-respon-
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